The availability of PV systems is discussed to determine the optimum availability at which standalone PV systems must be designed. Optimization methods and PV systems software, such as HOMER and PV.MY, were used for this purpose. Six PV systems with six availability levels were analyzed, in terms of wasted energy, cost of energy, battery usage, and power shortages, using real meteorological data. Results show that PV systems with 99% availability are recommended, because of their high reliability and favorably wasted energy.
Introduction
Considering that PV systems are clean, environment-friendly, and secure energy sources, PV system installation has played an important role worldwide. However, the drawback of PV systems is their high capital cost, compared to conventional energy sources. Currently, many studies were conducted that focus on the optimization of standalone PV systems, so that the number of PV modules, capacity of storage battery, and capacity of inverter were optimally selected. Standalone PV systems are widely used in remote areas without access to electricity grid. These systems had proven their feasibility, compared with conversional standalone power systems (e.g., diesel generators), especially for remote applications, because of the difficulty in accessing the remote areas and the cost of transportation. However, a PV system must be designed to meet the desired load demand at a defined level of availability [1] .
Many sizing works for PV system can be found in the literature. Based on [1] , three major PV-system-sizing procedures are available, namely, intuitive, numerical (simulation based), and analytical methods, in addition to some individual methods. However, most of these methods depend on system availability. For example, in [2] , a well-completed optimization of PV systems in Algeria was implemented by dividing the regions into four zones using sky clearness index. The optimization of PV systems was based on different levels of system availability and a simulation program which calculates the possible sizes of a PV system at a specific system availability and load demand. Thereafter, the optimum PV system configuration is selected based on system capital cost. In [3] , an elegant optimization method for PV system was presented. A PV system mathematical model was developed to optimize its size based on well-defined solar energy data and load demand. The developed model contains models for PV array, storage battery, and charge regulator. However, the optimization considers the combined minimum cost with maximum system availability taking into account the uncertainty in solar energy and the variation in the demanded energy by the load.
The optimization of a PV system was done for three sites in the UK using the sizing curves derivation in [4] . To avoid any load interruption, the PV array size was designed based on the worst monthly average solar energy. As for finding the minimum storage requirement, the same method used in plotting the sizing curves of the PV array was used for the battery. The minimum storage requirement was calculated each year of the used historical data. However, PV array size was calculated based on the worst month method, which may cause oversizing in the PV generator, especially in months having average solar energy higher than the worst month. The considered system availability in this study was 100%.
In [5] , an optimization of a PV system was presented based on long term solar radiation series for UK. In this study, the average of the obtained solar radiation series was calculated and divided in two climatic cycles. One of these climatic cycles contains days with average solar radiation equal to or higher than the calculated overall solar radiation average, whereas other climatic cycles contain days that have average solar radiation lower than the calculated overall average solar radiation. Thereafter, the necessary size of the PV generator and the storage battery was calculated based on all the climatic cycles to construct the general-sizing curve at specific system availability. Finally, the resultant sizing curve was fitted to an exponential function to derive a mathematical formula that can be used to calculate PV system size directly. In [6] , a comprehensive sizing of standalone PV systems for Malaysia was presented. A simulation was performed, depending on the energy flow in a PV system [7] . By this simulation, the possible sizes of a PV/battery system at different system availabilities for five main locations were obtained and plotted to establish a mathematical correlation between PV array capacity and system availability and between PV array capacity and storage battery capacity. After calculating the coefficients for each region, the averages of these coefficients were calculated to establish a model for all Malaysia. From the examples of PV system optimization that were given, it can be concluded that the PV systems were designed at different levels of availability of 90% to 100%.
The main objective of the present paper is to study the effect of system availability on system size and cost to recommend an optimum availability level at which PV systems must be designed.
Standalone PV System Availability
Each standalone PV system, like any other power systems, has a specific level of availability. This reliability level affects system performance, production, feasibility, and investment [8] [9] [10] [11] [12] [13] [14] . According to the Sandia National Laboratory in [15] , the availability of a standalone PV system can be defined as the percentage of time at which a power system is capable of meeting the load requirements. The number of hours that the system is available, divided by 8 760 h, gives the annual system availability. A system with 95% availability is expected to meet the load requirement of 8 322 h during an average year for the entire useful life of the system. An annual availability of 99% means that the system can operate the load for 8 672 h of the 8 760 h [15] . In [16] , the PV system availability is defined as the percentage of time at which a PV system is capable of meeting the load requirements.
The availability of a PV system can be described by statistical values. In [17] , the availability of PV systems is defined as a statistical value, called loss of load probability (LLP), which is given by
The numerator in (1) is the sum of the energy demanded which the PV system cannot cover in a year's time. On the other hand, the denominator is the sum of the energy demanded in a year's time. After calculating the LLP, the availability ( ) of the PV system can be expressed as
Some researchers used another statistical value to describe the availability of a PV system, namely, loss of power supply probability (LOSP). In [18, 19] , LOSP is described as a probability function,
where is the probability that the state of charge at any accumulative time within the time period will be equal to or less than the minimum permissible level (SOC min ).
According to this formula, the availability of a PV system can be calculated as
However, increasing PV system availability increases the size of the system and, consequently, the capital cost of the system. In [20] , the effect of the availability of PV system on PV array cost is deeply studied. According to [20] , the system size and cost increased rapidly while trying to obtain the last few percentages of availability. The relation between PV array cost (size) and system availability was almost liner until 80%, at which it became logarithmic thereafter. In addition, the Sandia National Laboratory, in [15] , illustrated the relation between the peak sunshine hours of the system and the needed storage capacity for the system at two levels of system availability. According to [15] , the storage needed from a PV system that has 99% availability is higher than that from a PV system with 95% availability. Moreover, the difference between the needed storage capacities becomes much higher as the number of peak sunshine hours becomes lower than 4. Based on that, increasing availability of the PV system increased the size of the PV array and the needed storage capacity. On these bases, knowing the optimum availability at which the PV system must be designed is important. In [15], two levels of availability are recommended: 95% and 99%. However, these authors stated that the 95% availability is more recommended. Meanwhile, in [20] , it is suggested that the nature of the load of the PV system determines its availability. For example, telecommunication repeater stations will be considered as a critical load. Thus, 99% availability is demanded, whereas other noncritical loads can be designed based on 95% availability. In [2] , the availability of PV systems in the range of 90% to 100% is recommended. Meanwhile, in [3] , the availability of PV systems in the range of 92% to 99.9% is recommended. In [4] , it is recommended that PV systems must be designed at 100% availability. In addition, in [5] , it is suggested that PV system availability must be higher than 95% and that an LLP value of zero cannot be assigned. In [6] , the PV system availability in the range of 95% to 99% is recommended, whereas a 98% availability of PV system is recommended in [7] . Finally, the HOMER software, which is a widely used PV system optimization tool, designs standalone PV systems at 100% availability. On these bases, the availability of PV systems is mostly recommended in the range of 95% to 100%. However, an exact availability level is not yet determined even by the present study. A more specific availability level must be defined among the availability levels that are in the range of 95% to 100%. In the next section, a brief analysis of a PV system designed at six availability levels is performed to try to find the optimum availability at which PV systems must be designed.
Searching for the Optimum PV System Availability
In this section, a brief analysis of a PV system designed at six availability levels (95%, 96%, 97%, 98%, 99%, and 100%) is performed to find the best system availability at which PV systems must be designed. Figure 1 shows the used load demand. The total load demand was 6.135 kWh/day with a maximum power of 0.52 kW. The average load power was 0.255 kW and the load factor was 49%. In this section, the method proposed by [6] was used to design the PV system at different availability levels. In addition, the tool presented in [21] was used to simulate these systems using hourly solar radiation and ambient temperature records for Kuala Lumpur City, Malaysia. The proposed method and the HOMER software were used to design the PV system at 100% availability. Then, the methods proposed in [6, 21] were used to design and analyze the designed PV systems According to HOMER, a PV system with a 4 kWp PV array and 1500 Ah/12 V storage battery is needed to meet the desired load demand at zero loss of load probability (100% availability). On the other hand, for the method in [6] , a PV system with 4.3 kWp and 1316 Ah/12 V storage battery is needed to meet the desired load demand. The difference between the result given by HOMER and that by the proposed method is attributed to two reasons: the nature of the meteorological variable used and the specification assumption of the device. As for the former, the method in [6] used real hourly meteorological data, whereas HOMER used monthly averages and converted it into hourly data using embedded models. As for the latter, many differences exist in the defined specifications for the modeled devices, such as conversion efficiency of the PV module, charging efficiency of the battery, and other factors. Table 1 shows the specifications and statistics of six PV systems designed at six availability levels. The table shows the availability level ( ), PV array capacity ( ), storage battery capacity ( ), energy generated by the PV array in a year's time ( PV ), number of loss load hours (LOLH), damped energy ( ), cost of energy generated by the PV system (CoE), and number of hours in the year that the SOC of the battery was higher than 80% (SOC 80% ). As for LOLH, the simulation counted each hour within which an energy deficit occurs, despite the fact that some of the hourly demands can be partially covered.
From the table, the system with 100% availability consisted of a 4.3 kWp PV array and a 1316 Ah/12 V storage unit. The system generated 6882 kWh per year, whereas 4645 kWh was damped, which means that 67.5% of the energy generated was wasted. The cost of energy generated by such a system is 0.6 USD/kWh. In addition, the battery SOC was higher than 80% in about 89.9% of a year's time, which indicates that the battery was not the kind used during a year's time.
As for the system with 99% availability, a 2.5 kWp PV array and a 324 Ah/12 V storage battery are the recommended energy source sizes. In a year's time, 4000 kWh was generated, whereas 45% of this energy was damped. The cost of the energy generated by the system is 0.27 USD/kWh. The battery SOC in 31% of a year's time was higher than 80%, which means that the battery was well used compared with the previous case. The number of hours at which the system cannot meet the load demand was 199, which translates to 2.2% of a year's time.
As for the remaining system options, the performances of these systems were close to each other, whereas the needed PV array and battery capacity were in the range of 2. energy was in the range of 3201 kWh/year to 3681 kWh/year, whereas the percentage damped energy was in the range of 34% to 40%. On the other hand, the cost of the energy generated by these systems was in the range of 0.22 USD/kWh to 0.25 USD/kWh, whereas the percentage of the days within which the battery SOC was higher than 80% was in the range of 28% to 30%. The LOLH values of these systems were in the range of 4.4% to 11.1%, which are high values, especially, compared with the previous systems. Figure 2 shows a comparison among these systems in terms of wasted energy (damped energy-to-generated energy), battery usage (SOC 80% to the number of hours in a year's time), and LOLH percentage (LOLH to the number of hours in a year's time). The figure shows that systems with availability in the range of 99% to 95% had almost similar battery usages. Hence, systems with 98% to 99% availability are recommended in this regard. As for LOLH, systems with availability values in the range of 98 to 100 are recommended. Finally, systems with availability values in the range of 97% to 98% are recommended, in terms of wasted energy. On the basis of these results, systems with availability values of 98% and 99% are most recommended.
Referring to the CoE in Table 1 , it is noted that, by using the system with 99% availability, the supplier lost 298 kWh/per year in damped energy, compared with the system with 98% availability. Moreover, the generation of energy costs the supplier 0.02 USD per kWh more, compared with the system with 98% availability. On the other hand, the LOLH value increased by 187 h in the system with 98% availability, compared with the system with 99% availability. Thus, despite the fact that the system with 98% availability was cheaper in terms of unit cost and damped energy, it is less reliable compared with the system with 99% availability. Upon this basis, PV systems with 99% availability are recommended due to their high reliability and favorable running costs.
Conclusion
Optimum PV system availability was studied and presented in this paper. Six PV systems with different reliability levels were studied using solar energy and ambient temperature records for Kuala Lumpur City, Malaysia. The performance analysis was in terms of wasted energy, cost of energy, battery usage, and power shortages using real meteorological data. The results show that PV systems with 99% availability are recommended due to their high reliability and favorably wasted energy.
